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ABSTRACT 
Highly active Laccase enzymes were produced by mushroom cultures of Oyster and 
Ganoderma lucidum at a relatively short time gap of less than a month.  Solid 
cultures produced more Laccase with a peak activity of more than 21K U/ml for 
Oyster using wheat.  Oyster cultures were more active with agricultural substrates: 
corn, sorghum, sweet potato and wheat; while G. lucidum cultures were more active 
with sorghum, sweet potato and wheat.  High specific activity of more than 700 U/mg 
was observed with sorghum and slightly higher with wheat at 756 U/mg. A change in 
activity of 445x was observed at week 3 for Oyster solid cultures.  Ferrous ions 
inhibited laccase at 99.7%; Mn and Cu at 10%; and Ca at 6%.  Li ions and 2,4 D 
moderately increased Laccase at more than 16%; Al at 10%; and Zn or 
diphenylamine at 8%. Partial purification of Laccase with ammonium sulfate resulted 
in more than 3x fold increase in activity.  Enzyme product recovery with course 
filtration was quite high at more than 99%.  Data model analyses showed that for 
Corn and Wheat, the yield of laccase specific enzyme activity  was best described by 
a model similar to the Lineweaver-Burk, while Sweet Potato was described by 2 
models: a) linear and b) square root-Y logarithmic-X model.  The latter was the only 
model, which have estimated significant intercept and slope values.  Sorghum 
substrate did not produce a comparatively significant effect on the  yield of laccase 
during the four-week time course experiment. 
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THE EMERGENCE OF THE BIOECONOMY 
The twenty-first century has been characterized by the emergence of new 
challenges faced by globalization amidst the need for new socioeconomic and 
resource scarcity caught by rapid urbanization and population surge, environmental 
protection and regulation, an expanding global class hungry for automobiles and 
modern technology, and more volatile finances that face the global market.  The term 
Bioeconomy was the product of these global mosaic of challenges.  What Golden & 
Handfield (2014) had put it, Bioeconomy is global industrial transition of sustainably 
utilizing renewable aquatic and terrestrial resources in energy, intermediate, and final 
products for economic, environmental, social, and national security benefits.  The 
White House (2012), declared “bioeconomy is one based on the use of research and 
innovation in the biological sciences to create economic activity and public benefit.”  
Quoted in the Organization for Economic Co-operation and Development (OECD 
2009): “From a broad economic perspective, the bioeconomy refers to the set of 
economic activities relating to the invention, development, production and use of 
biological products and processes. If it continues on course, the bioeconomy could 
make major socioeconomic contributions in OECD and non-OECD countries. These 
benefits are expected to improve health outcomes, boost the productivity of 
agriculture and industrial processes, and enhance environmental sustainability.” 
 
 
OBJECTIVES 
To isolate and screen mushroom species for laccase production. 
To produce laccase by submerged fermentation and solid cultures.. 
To optimize the fermentation parameters 
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SIGNIFICANCE 
In dried wood and trees are several mushroom species that are potential sources of 
laccase.  Commercial mushrooms are alternative sources should collection from the 
forest will not be possible. These  can be cultured through submerged fermentation 
and the broth will be processed to determine the yield of production, isolate the 
enzyme and could potentially be applied to various industrial processes. 
 
Laccase enzymes have gained industrial application in the field of textile dye 
decolourization, delignification of pulp, and paper effluent detoxification, and food 
industry. Recently, these  are used in the design of biosensors, biofuel cells, as a 
medical diagnostics tool and bioremediation agent to clean up herbicides, pesticides 
and certain explosives in soil; as cleaning agents for certain water purification 
systems, as catalysts for the manufacture of anti-cancer drugs and even as 
ingredients in cosmetics.   
 
 
 
LITERATURE 
Laccases (Phenoloxidases, EC 1.10.3.2) are outstanding because they use 
molecular oxygen, which is the final electron acceptor (in multicopper reactive sites) 
as a co-substrate instead of hydrogen peroxide as used by peroxidases.  These are 
widely found in  plants  and  fungi,  in  some  bacteria  and  insects,  and  oxidizes  
polyphenols,  methoxy substituted phenols, aromatic diamines and a range of other 
compounds.  
 
These enzymes have received attention of researchers in the last few decades due 
to their ability to oxidize both phenolic and nonphenolic lignin-related compounds as 
well as highly recalcitrant environmental pollutants with the use of “mediators.”  
Laccases are increasingly being used in food industry for production of cost-effective 
and healthy foods.  Their baking applications are due the ablity to cross-link the 
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esterified ferulic acid on the arabinoxylan fraction of dough, resulting in a strong 
arabinoxylan network.  It was also reported that laccase may improve crumb 
structure and softness of baked products increases in strength and stability, as well 
as reduced stickness of dough, which confers improvement of baking properties.  
The advantages of laccase compared to other enzymes include relatively high yields, 
uncomplicated isolation from bulk fungal cultures, easy screening for specific 
producers with a broad substrate spectrum, a high degree of stability and activity 
especially after immobilization; broad specificity (which allows them to transform a 
wide range of substrates) and to their wide diversity, most fungal laccases are very 
stable, especially at pH near neutrality (glycosylation seems to be implicated in the 
stability of fungal laccases),  their organic substrate oxidation site exhibits a high 
redox potential (around 0.78V/normal hydrogen electrode (NHE)) and, finally they 
use dioxygen, a harmless and abundant compound, as a co-substrate instead of 
peroxide as other oxidases such as peroxidases. 
 
A number of studies have confirmed the potential of laccase-mediator systems for 
paper pulp delignification, pitch control, polymer modification, other applications in 
the forest industry; and bioethanol production from physically and/or chemically 
pretreated lignocellulose.  However, most of the studied mediators are synthetic 
compounds based on nitrogen heterocycles whose high cost and potential toxicity 
make it difficult to implement at an industrial scale.  Some natural phenols, which 
form stable aromatic radicals, are being studied as mediators for bio-bleaching and 
removal of lipophilic extractives from paper pulp. 
 
The use of excessive concentrations of glucose and sucrose as carbon source in 
cultivation of laccase producing fungal strains has an inhibitory effect on laccase 
production. This could be improved by using polymeric substrates like cellulose as 
carbon source during cultivation.  At 1% (w/v) carbon sources such as: glucose, 
mannose, maltose, sucrose, fructose, cellobiose, cellulose, glycerol and lactose are 
the commonly used carbon sources. Fructose was shown to be a good carbon 
source for laccase production in Pleurotus sajor-caju, cellobiose in T. pubescens, 
and lactose or glycerol in Pseudotrametes gibbosa, Coriolus versicolor and Fomes 
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fomentarius.  Yeast extract, peptone, urea, (NH4)2SO4, and NaNO3 are the 
commonly used nitrogen sources.  Studies show that the elevated laccase activity 
was achieved by using low carbon-to-nitrogen ratio while others show that it was 
achieved at high carbon-to-nitrogen ratio.  Agricultural residues can be used as 
carbon and nitrogen sources for laccase production. 
 
Laccases were generally produced in low concentrations by laccase producing fungi, 
but higher concentrations were obtainable with the addition of various supplements 
to media. The addition of aromatic compounds such as 2,5-xylidine, lignin, and 
veratryl alcohol is known to increase and induce laccase activity. Many of these 
compounds resemble lignin molecules or other phenolic chemicals.  These 
compounds affect the metabolism or growth rate while others, such as ethanol, 
indirectly trigger laccase production.  Soya oil as inducer of laccase activities, has 
attained 4- fold higher than those obtained in the reference cultures.  The addition of 
150 μM copper sulphate to the cultivation media can result in a fifty-fold increase in 
laccase activity compared to a basal medium.  Ferulic acid or vanillin proved to 
increase the laccase production up to 10 times in Pleurotus pulmonarius.  Vitamins 
like biotin, riboflavin and pyridoxine hydrochloride as well as amino acids such as 
methionine, tryptophan, glycine and valine stimulated laccase production in Cyathus 
bulleri, whereas cysteine inhibited the production. Antibiotics like apramycin sulfate 
stimulated laccaseproduction in Cyathus bulleri and Pycnoporus cinnabarinus. 
Metals like Mn2+ led to a 4.5-fold increase in the laccase productionby Coprinus 
comatus.  Laccase isozyme production is increased by 4.4 fold with 3.0 mM caffeic 
acid.  
 
Most reports indicate that an initial pH of 4.5-6.0 and a temperature between 25-30 
°C are suitable for laccase production.  The effect of aeration varies between 
species; growth of some fungi is highly favored with aeration, while others can suffer 
from stress caused by oxygen. In addition, as aeration can involve mechanical 
stirring, this may cause stress on the cells by rupturing them.  Agitation is another 
factor which affects laccase production. Mycelia are damaged when fungus is grown 
in the stirred tank reactor and laccase production considerably decreased.  
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Conversely, in some species, agitation did not play any role in the production of 
laccase by T. versicolor. 
 
METHODOLOGY 
Mushroom cultures were taken on stock in the laboratory (Culture Collection), or 
isolates taken from the wild or from cultures from RTU. The agricultural substrates 
used were corn, sorghum, sweet corn, and wheat at 2% media with dextrose. 
Growth fermentations used were solid culture fermentation in flasks and submerged 
fermentation in bioreactor flasks. Crude enzyme was harvested with filtration.  
Laccase activity was determined using ABTS as substrate (0.05 mM)  in 100 mM 
Acetate pH 5.0. Various chemical additives (Fe, Cu, Mn, Ca, Zn, Li, 2,4 D, 
diphenylamine etc.) were incorporated at a final conc. of 0.2mM during the assay for 
enzyme activity effect determination.  Enzyme product recovery after ammonium 
sulfate precipitation was done via coarse filtration instead of using centrifugation.                                   
 
 
 
RESULTS AND DISCUSSION 
 
We started with culture isolates grown in the laboratory, isolates taken from the wild 
and cultures from RTU, namely: Ganoderma lucidum (RTU), Ganoderma sp. (wild), 
Pleurotus florida (Angel mushroom=Oyster), Pleurotus cystidiosus (Abalone), and 
Lentinus edodes.  Two mushroom cultures (Ganoderma lucidum (RTU), and 
Pleurotus florida (Angel mushroom=Oyster) were grown in simple media containing 
2% agricultural substrate with dextrose and cultivated for growth optimization using 
submerged and solid substrate fermentations.  Ganoderma cultured in submerged 
fermentation showed substantial activities for production of laccase for substrates: 
sorghum, sweet potato and wheat.  As shown in Fig.1, activities peaked with sweet 
potato after 3 weeks.  (Please note that specific activity is mislabeled for U/ml in the 
figures 1 to 4.)  Very high activities were obtained with Ganoderma cultures in solid 
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substrates, sorghum and wheat.  Peak activities of more than 4372 U/ml for sorghum 
and 1358 U/ml for wheat were observed after 3 weeks (Fig.2).  Oyster cultures in 
submerged fermentation produced laccase actively after 3 weeks for substrates 
corn, sorghum and sweet potato with peak activity of 549 U/ml (Fig. 3).  Oyster 
grown in solid cultures produced laccase at highest activities for week 3 at more than 
21K U/ml using wheat; sorghum produced 10,700 U/ml (Fig. 4).  Specific activities 
for these substrates are more than 700 U/mg and higher with wheat at 756 U/mg.  
Data were summarized in tables 1 to 4 for week 1 to week 4 data.  Maximum change 
in activity, was at 445x for week 3 in solid substrate fermentation for Oyster cultures. 
 
Using two-way ANOVA, significant differences were observed for submerged and 
solid fermentation (Fig 6).  
 
Laccase activity was affected by different chemicals tested as shown in Fig. 5.  
Ferrous ions practically inhibited laccase at 99.7%; Manganese and copper at 10 %; 
and calcium at 6 %.  Laccase activity was increased markedly with Lithium ions and 
2,4 D at more than 16%; aluminum at 10%; and with zinc or diphenylamine at 8%. 
 
Partial purification of laccase with ammonium sulfate resulted in more than 3 fold 
increase in specific activity at several concentrations: 50%, 70%, and 80% 
saturation. 
 
Laccase enzyme yield based on the substrates corn and wheat (in solid substrate 
fermentation with Oyster mushroom) showed an interaction best described by a 
double reciprocal model (similar to the Lineweaver-Burk), while sweet potato was 
best described by linear and square root-Y logarithmic-X models (Figure 9).  
However, only the square root-Y logarithmic-X model for sweet potato was 
significant for both the estimated intercept and slope values.  Sorghum as used in 
our experiments did not produce a significant effect on the yield of laccase enzyme 
specific activity during four-week time course.  Table 5, showed comparison of best-
fit models for solid substrate fermentation.  Figure 10 showed surface plots for wheat 
substrate  (Fig. 10 A&B) and for corn substrate interactions (Fig. 10 C&D). 
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TIME-COURSE OF LACCASE FERMENTATION (WEEK 1 TO WEEK 4) 
 
WEEK 1  U/mL 
Specific 
Activity 
SOLID FERMENTATION:  OYSTER      
Corn  20.57 4.98063 
Sorghum  60.13 14.14824 
Sweet potato  34.04 7.19662 
Wheat  49.35 6.19975 
     
GANODERMA    
Corn  16.17 2.45745 
Sorghum  76.58 11.26176 
Sweet potato  72.47 21.31471 
Wheat  27.86 3.54904 
    
    
SUBMERGED FERMENTATION      
OYSTER    
SUBSTRATE    
Corn  6.39 4.01887 
Sorghum  11.40 1.88430 
Sweet potato  18.73 3.74600 
Wheat  2.31 0.14574 
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GANODERMA    
Corn  0.23 0.11058 
Sorghum  6.55 0.28416 
Sweet potato  7.69 1.35149 
Wheat  6.12 0.07823 
 
Table 1.  Data of Laccase activity after week 1 of fermentation. 
 
 
 
 
 
 
 
 
 
 
 
 
WEEK 2  U/mL Specific Activity 
SOLID FERMENTATION: OYSTER 
 
     
Corn  56.76 9.60406 
Sorghum  7445.56 617.37645 
Sweet potato  1148.54 152.52855 
Wheat  483.26 14.60000 
      
GANODERMA     
Corn  20.49 1.25783 
Sorghum  1210.21 115.36797 
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Sweet potato  399.03 70.50000 
Wheat  1988.98 73.58417 
     
     
SUBMERGED FERMENTATION      
OYSTER     
SUBSTRATE     
Corn  11.07 6.21910 
Sorghum  6.79 1.18499 
Sweet potato  27.66 5.46640 
Wheat  3.31 0.14498 
      
GANODERMA     
Corn  0.48 0.16609 
Sorghum  4.62 0.84000 
Sweet potato  9.14 1.79568 
Wheat  5.84 0.07316 
 
Table 2.  Data of Laccase activity after week 2 of fermentation. 
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WEEK 3  U/mL Specific Activity 
SOLID FERMENTATION:  OYSTER      
Corn  2189.72 339.49147 
Sorghum  10702.78 718.30738 
Sweet potato  2172.22 319.44412 
Wheat  21950.00 755.59380 
      
GANODERMA     
Corn  165.28 9.79147 
Sorghum  4372.22 354.60016 
Sweet potato  597.22 142.19524 
Wheat  1358.33 52.24346 
     
SUBMERGED FERMENTATION      
OYSTER     
SUBSTRATE     
Corn  181.39 164.90000 
Sorghum  208.89 41.52883 
Sweet potato  548.89 135.52840 
Wheat  3.54 0.07414 
      
GANODERMA     
Corn  3.82 2.01053 
Sorghum  96.11 3.94217 
Sweet potato  101.11 26.96267 
Wheat  37.85 0.34652 
 
 
Table 3.  Data of Laccase activity after week 3 of fermentation. 
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WEEK 4  U/mL Specific Activity 
SOLID FERMENTATION:  OYSTER      
Corn  713.89 95.18533 
Sorghum  8997.22 329.56850 
Sweet potato   NA 
Wheat  16083.33 345.13584 
      
GANODERMA     
Corn  43.33 2.22205 
Sorghum  2111.11 197.30000 
Sweet potato  386.11 73.54476 
Wheat  1236.11 44.46439 
     
SUBMERGED FERMENTATION      
OYSTER     
SUBSTRATE     
Corn  91.94 37.52653 
Sorghum  63.33 13.19375 
Sweet potato  383.33 77.44040 
Wheat  89.72 1.73205 
      
GANODERMA     
Corn  1.19 0.49583 
Sorghum  6.96 1.61860 
Sweet potato  57.78 12.69890 
Wheat  60.28 0.61826 
 
 
Table 4.  Data of Laccase activity after week 4 of fermentation. 
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Fig.6.  Two-way ANOVA analyses  
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PARTIAL PURIFICATION OF LACCASE USING AMMONIUM SULFATE 
 
  
% Saturation Ammonium Sulfate 
 
Laccase 
U/ml 
  
Product 
Recovery 
% 
 
Purification Factor 
(Specific Activity 
factor) 
      
40% 55.82 15.00%   
50% 1169.44 99.61% 3.19 x 
70% 1806.94 99.75% 3.14 x 
80% 2191.67 99.80% 3.05 x 
90% 1906.67 99.79%   
        
 
Table 4A.  Partial purification of laccase with ammonium sulfate fractionation.    
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SUMMARY AND CONCLUSION 
Two mushroom cultures, Oyster and Ganoderma were grown in four agricultural 
substrates (corn, sorghum, sweet potato, and wheat) for optimal growth selection 
using simple media consisting the substrate and dextrose.  Maximum increase in 
activity of 445x was observed with Oyster grown in solid cultures after three weeks.  
The highest activity obtained at 3 weeks for Oyster cultures in solid media were at 
21K U/ml with wheat: at a specific activity of 756 U/mg. Oyster submerged cultures 
in bioreactor jars produced stable activities at 3rd week for corn, sorghum and peak 
activity with sweet potato.  Ganoderma cultures in submerged fermentation with 
sweet potato produced peak activity after 3 weeks, while solid cultures produced 
peak activities with sorghum and secondly with wheat.  Laccase is inhibited by 
ferrous ions; only minimally with Mn, Cu, and Ca, but enhanced with Li, 2,4 D, Al, Zn, 
and diphenylamine.  Partial purification with 50%, 70%, 80% ammonium sulfate 
resulted in more than 3x fold increase in specific activity.  Product recovery with 
course filtration after ammonium sulfate precipitation resulted in high recovery rates 
of more than 99%. 
 
Thus, substantial laccase enzyme activity could be produced with Oyster cultures 
(although less with Ganoderma cultures by about 1/5) by utilizing simple media with 
the only use of agricultural crops at a monthly basis. 
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TECHNO-ECONOMIC  DATA 
Enzymes contributing to green industrial production strategies like laccases will be 
replacing chemicals in various industrial processes for sustainable production. 
 
 
 
 
SOCIO-ECONOMIC  DATA 
Sustainable production using renewable resource base could account for a 
significant source of livelihood by providing incentives to support the green economy. 
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RECOMMENDATION 
Laccase enzymes is a green technology and have a diverse application in  
production processes such as in various industries of the food sectors, paper & pulp 
and textile and environmental bioremediation.  Green production line could provide a 
means to overcome barriers imposed by pollution hazard  as these are co-located in 
highly urban centers.  
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Figure 7. METHODOLOGY 
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Figure 8. Time Course of Laccase Production.  
A & C: Oyster cultures while B & D:  
Ganoderma lucidum cultures;  
A & B: Solid cultures while C & D: submerged 
cultures. 
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Table 4B.  Partial purification of laccase with ammonium sulfate fractionation 
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Figure 9. Data Models of Laccase enzyme 
yield (U/mg) using agricultural substrates 
Corn (A), Sorghum (B), Sweet Potato (C,D) 
and Wheat (E) for Solid Substrate 
Fermentation (SSF). 
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Table 5.   
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Figure 10.  Surface plots of wheat (A&B) and 
corn interactions (C&D) in SSF. 
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